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Wc studied the photophysics of regioregular polythiophene/Q,| (RR-P3HT/PCBM) blend films utilized for 
organic photovoltaic applications using the femtosecond transient and steady-state photomodulation techniques 
with above-gap and below-gap pump excitations and electroabsorption spectroscopy. Wc provide strong evi­
dence for the existence of charge transfer complex (CTC) state in the blend that is formed deep inside the 
optical gap of the polymer and fullerene constituents, which is clearly revealed in the electroabsorption 
spectrum with an onset at 1.2 cV. Wc identify this “midgap” band as the lowest lying CTC state formed at the 
interfaces separating the polymer and fullcrcnc phases. With above-gap pump cxcitation the primary photocx- 
citations in the blend arc cxcitons and polarons in the polymer domains that arc generated within the experi­
mental time resolution (150 fs). having distinguishable photoinduccd absorption (PA) bands in the mid-IR. The 
photogcncratcd cxcitons subsequently dccay within —10 ps. consistent with the polymer weak photolumincs- 
ccncc in the blend. In contrast, with bclow-gap pump cxcitation. a new PA band in the mid-IR is generated 
within our time resolution, which is associated with photogcncratcd spccics that dccay into polarons at much 
later times; also no PA of cxcitons is observed. Wc interpret the photocxcitations as CT cxcitons. which with 
bclow-gap pump cxcitation arc resonantly generated on the CTC states at the intcrfaccs. as the first step for 
polaron generation, without involving intrachain cxcitons in the polymer phase. Wc found that the polarons 
generated with bclow-gap pump cxcitation arc trapped at the intcrfaccs with relatively long lifetime, and thus 
may generate polarons on the polymer chains and fullcrcnc molcculcs with a different mcchanism than with 
above-gap cxcitation. In any ease the interfacial polarons generated with bclow-gap cxcitation do not substan­
tially contribute to the photocurrcnt density in photovoltaic applications bccausc of the relatively thin active 
layer using the traditional bulk hctcroj unctions design. This is shown by comparing the charge photogcncration 
efficiency spectrum measured on a fabricated photovoltaic solar cell with the polaron photogcncration action 
spectrum measured on a thick blend film.
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I. INTRODUCTION
T h e  m o s t e ff ic ie n t o rg a n ic  p h o to v o lta ic  (O P V ) c e lls  to
d a te  a re  b a se d  on  b u lk  h e te ro ju n c tio n s  (B H J) o f
ir -c o n ju g a te d  p o ly m e r /fu lle re n e  c o m p o s ite  b le n d s 1”7 th a t
sh o w  p h a se  se p a ra tio n  o f  th e  p o ly m e r  a n d  fu lle re n e
c o n s titu e n ts ,3 h a v in g  p o w e r-c o n v e rs io n  e ffic ie n c y  (P C E ) u p
to  7 .4 % .8 T h e  m e c h a n ism  o f  c h a rg e  se p a ra tio n  in p o ly m e rs
th a t a re  l ig h tly  d o p e d  w ith  fu l le re n e  h a s  b e e n  tra d itio n a lly
c o n s id e re d  to  b e  a  s in g le -s te p  e le c tro n  t ra n s fe r  f ro m  th e  p h o ­
to e x c ite d  p o ly m e r  c h a in  o n to  th e  fu l le re n e  a c c e p to r
m o le c u le .9-10 In  m o re  h e a v ily  d o p e d  p o ly m e r  (n am e ly , b le n d )
film s it h a s  b e e n  p ro p o se d  th a t an  in te rfac ia l d ip o le  fo rm a ­
tio n  a t th e  d o n o r-a c c e p to r  in te rfa c e  a s s is ts  c h a rg e
s e p a ra t io n .11 H o w e v e r  a  se r ie s  o f  re c e n t  re p o rts  h a v e  in d i­
c a te d  th a t th e  p h o to in d u c e d  c h a rg e -se p a ra tio n  p ro c e ss  in  th e
b le n d  in v o lv e s  o n e  o r  m o re  in te rm e d ia te  s te p s .12” 17 O n e  su c h
s te p  m ay  in v o lv e  a  c h a rg e  tra n s fe r  c o m p le x  (C T C ) s ta te  th a t
is  fo rm e d  a t th e  in te r fa c e  b e tw e e n  th e  p o ly m e r  a n d  fu lle re n e
p h a se s  in  th e  b le n d .14-17 E v id e n c e  fo r  a  C T C  in te rm e d ia te
s ta te  h a s  b e e n  r e p o rte d  in v a r io u s  d o n o r /a c c e p to r  b le n d s .18”24
S u c h  a  C T C  s ta te  h a s  b e e n  su p p o r te d  th e o re tic a l ly ;25”28 a n d
its  im p o r ta n t ro le  in th e  c h a rg e -g e n e ra tio n  p ro c e ss  in th e
b le n d ,19-24 a n d  o p e n  c irc u it  v o lta g e  in O P V  c e lls  b a s e d  on
B H J c o n fig u ra tio n  h a s  b e e n  re c o g n iz e d .29
In  o u r  p re v io u s  w o rk  w e  in v e s tig a te d  th e  C T C  s ta te  in
p o ly (p h e n y le n e  v in y le n e )/C 6o b le n d ,19 a s  w ell a s  p o ly (p h e -
n y le n e  v in y le n e )/2 ,4 ,7 ,- tr in i tro -9 -f iu o re n o n e  (T N F ) b le n d ;23 
b u t  O P V  c e lls  b a se d  on  th e se  b le n d s  d o  n o t  sh o w  h ig h  
P C E .30 In  th e  p re se n t w o rk  w e  s tu d y  th e  C T C  s ta te  in th e  
im p o rta n t b le n d  o f  re g io re g u la r  (3 -h e x y lth io p h e n e -2 ,5 -d iy l)  
(R R -P 3 H T , F ig . 1 in se t)  a n d 6 p o ly -p h e n y l-C 6i b u ty r ic  a c id  
m eth y l e s te r  (P C B M -C g i, F ig . 1 in se t) ; th is  b le n d  is  th e  a c ­
tiv e  la y e r  o f  o n e  o f  th e  m o s t e ff ic ie n t O P V  c e lls  to  d a te .2-31 
In  th is  b le n d  w e  sh o w  th e  e x is te n c e  o f  a  C T C  s ta te  w ith  
o n se t a t  h m — 1 .2  e V , w h ic h  is  d e e p  in s id e  th e  o p tica l g a p  o f  
th e  m a te ria l c o n s titu e n ts , b y  e m p lo y in g  tra n s ie n t a n d  s te ad y - 
s ta te  p h o to m o d u la tio n  (P M ) sp e c tra  e x c ite d  w ith  b o th  b e lo w -  
g a p  a n d  a b o v e -g a p  p h o to n  e n e rg ie s  a n d  e le c tro a b so rp tio n  
(E A ) sp e c tro sco p y . T h e  m o s t d ire c t e v id e n c e  fo r  th e  C T C  
s ta te  is p ro v id e d  h e re  b y  th e  E A  sp e c tro sc o p y  th a t re v e a ls  a  
m id g a p  o p tic a l fe a tu re  w ith  an  o n se t a t  h m — 1 .2  eV . F ro m  
th e  tra n s ie n t P M  sp e c tra  o f  th e  b le n d  w e  c o n c lu d e  th a t 
a b o v e -g a p  p u m p  e x c ita tio n  c re a te s  e x c ito n s  a n d  p o la ro n s  in 
th e  p o ly m e r  p h a se  w ith in  th e  e x p e r im e n ta l t im e  re so lu tio n  
(1 5 0  fs). B u t b e lo w -g a p  p u m p  e x c ita tio n  g iv e s  r ise  to  a  
p h o to in d u c e d  a b so rp tio n  (PA ) b a n d  in th e  m id -IR , w h ic h  w e  
in te rp re t a s  d u e  to  p h o to g e n e ra te d  C T  e x c ito n s  o n  th e  C T C  
s ta te s  th a t a re  re so n a n tly  g e n e ra te d .28 T h e  re so n a n t  C T  e x c i­
to n s  a re  in s ta n ta n e o u s ly  g e n e ra te d  a n d  su b se q u e n tly  d ecay  
in to  p o la ro n s  o n  th e  p o ly m e r  c h a in s  a n d  fu l le re n e  m o le c u le s  
a t m u c h  la te r  t im e . T h e  s te a d y -s ta te  P M  sp e c tra  sh o w  th a t it 
is in d e e d  p o s s ib le  to  g e n e ra te  p o la ro n s  on  th e  p o ly m e r  c h a in s  
a n d  fu lle re n e  m o le c u le s  w ith  b e lo w -g a p  e x c ita t io n  w ith o u t
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FIG. 1. (Color online) Transient PM spectra at t= 0 in pristine 
RR-P3HT film pumped at 3.2 cV (black circles), and blend film 
pumped at 3.2 cV (blue squares) and 1.6 cV (red triangles); for 
better comparison, the bclow-gap curve has been scaled by 0.7.
th e  n e e d  o f  p h o to g e n e ra te d  in tra c h a in  e x c ito n s  a s  th e  first 
s ta te  p re c e d in g  c h a rg e  se p a ra tio n . T h e  b e lo w -g a p -g e n e ra te d  
p o la ro n s  a re  tra p p e d  c lo se  to  th e  p o ly m e r /fu lle re n e  in te rfa c e s  
a n d  h a rd ly  c o n tr ib u te  to  th e  p h o to c u rre n t  d e n s ity  in  so la r-ce ll 
d e v ic e s  b e c a u se  o f  th e  d e v ic e ’s re la tiv e ly  th in  a c tiv e  la y e r .19 
T h is  w a s  v e rif ied  b y  m e a su r in g  th e  in te rn a l P C E  (IP C E ) 
sp e c tru m  in  a  n e a t  O P V  ce ll b a se d  o n  B H J o f  th is  b le n d  in  
c o m p a r is o n  w ith  th e  p o la ro n  a c t io n  sp e c tru m  o f  a  b le n d  th ic k  
film .
II. EXPERIMENTAL
T h e  m ix in g  ra tio  o f  th e  R R -P 3 H T /P C B M  b le n d  th a t w e  
u se d  in  o u r  in v e s tig a tio n s  w a s  1.2:1 b y  w e ig h t, w h ic h  g iv e s  
th e  o p tim a l p o w e r-c o n v e rs io n  e ffic ie n c y  in  O P V  c e lls  
a p p lic a t io n 2 w h e n  th e  re g io re g u la r i ty  o f  th e  R R -P 3 H T  p o ly ­
m e r  c o n s t itu e n t  is  h ig h .3 T h e  P C B M  a n d  R R -P 3 H T  p o w d e rs  
w e re  su p p lie d  b y  P le x tro n ic s , In c . T h e  film s u se d  fo r the  
o p tic a l m e a su re m e n ts  w e re  p re p a re d  e ith e r  b y  sp in  c a s tin g  o r 
d ro p  c a s tin g  o n to  a n  o p tic a l tra n s p a re n t  su b s tra te  su c h  as 
sa p p h ire  o r  C s l ,  d e p e n d in g  o n  th e  sp e c tra l r a n g e  o f  in te re s t. 
F o r  th e  p o la ro n  a c tio n  sp e c tru m  w e  u se d  a  d ro p  c a s t  film  
—2 0  /m \  th ic k . S u b s e q u e n tly  th e  film s w e re  th e rm a lly  a n ­
n e a le d  a t 150 ° C  fo r  3 m in . T h e  film s w e re  th e n  p u t  in to  a  
v a r ia b le  te m p e ra tu re  c ry o s ta t  u n d e r  d y n a m ic  v a c u u m  o f
— IO”4 to rr , w h ic h  w a s  a lso  u se d  to  p re v e n t  p h o to o x id a t io n  
th a t  is  e n h a n c e d  b y  th e  a p p lie d  la s e r  illu m in a tio n . A to m ic  
fo rc e  m ic ro s c o p y 32 a n d  re so n a n c e  R a m a n  sp e c tro sc o p y  
s tu d ie s33 h a v e  sh o w n  th a t  p h a se -s e p a ra te d  d o m a in s  o f  a g g re ­
g a te d  p o ly m e r  c h a in s  a n d  fu lle re n e  m o le c u le s  a re  fo rm e d  in  
th is  b le n d , e sp e c ia lly  a f te r  th e  film  u n d e rg o e s  a n  a n n e a lin g  
p ro c e ss  a t  e le v a te d  te m p e ra tu re .24 T h e  d o m a in  s ize  o f  th ese  
a g g re g a te s  is  id ea lly  o n  th e  sc a le  o f  th e  e x c ito n  d iffu s io n  
le n g th  ( — 10 n m ), w h ic h  e n a b le s  e x c ito n s  to  re a c h  the  
d o n o r /a c c e p to r  in te rfa c e  b e fo re  re c o m b in a tio n  o c c u rs .34”36
F o r  th e  O P V  c e lls  w e  u se d  h ig h -q u a li ty  R R -P 3 H T  p o ly ­
m e r  w ith  re g io re g u la r i ty  h ig h e r  th a n  9 9 % , m o le c u la r  w e ig h t 
M n = 5 8  k D a , a n d  p o ly d is p e rs iv ity  o f  — 1.76 . T h e  b le n d  in  
so lu t io n  w a s  sp in  c a s t  o n  a  h o le  t ra n s p o r t  la y e r  th a t w a s  
p re d e p o s ite d  o n to  a  lo w -re s is ta n c e  in d iu m  tin  o x id e  (IT O ) 
su b s tra te . T h e  film  th ic k n e ss  w a s  a b o u t 2 0 0  n m  a n d  w a s
c a p p e d  b y  a  10 n m  C a /1 0 0  n m  A l c a th o d e . T h e  I - V  c h a ra c ­
te r is tic s  o f  th e  e n c a p su la te d  d e v ic e s  w e re  m e a su re d  in  a ir  
u s in g  a  K e ith le y  2 0 0 0  m u lt im e te r  u n d e r  s im u la te d  
100  m W /c m 2 A M  1.5 illu m in a tio n  th a t w a s  p ro v id e d  b y  a  
3 0 0  W a tt O rie l so la r  illu m in a to r. L ig h t  in te n s ity  w a s  tu n ed  
u s in g  K G -5  f ilte red  S i re fe re n c e  cell c a l ib ra te d  a t  N R E L . 
E ff ic ie n c y  v a lu e s  w e re  c o rre c te d  b y  a  sp e c tra l m is m a tc h  fa c ­
to r  th a t w a s  m e a su re d  u s in g  a  K G -5  c o lo r-f i lte re d  re fe re n c e  
ce ll. T h e  IP C E  sp e c tru m  w a s  m e a su re d  u s in g  a n  a u to m a te d  
e le c tr ic  q u a n tu m  e ffic ie n c y  sy s te m  fro m  C u s to m  S y s te m s  I n ­
te g ra tio n , In c . S p e c ia l c a re  w a s  ta k e n  to  c a lib ra te  th e  IP C E  
sp e c tru m  a g a in s t  a  p re c a lib ra te d  H a m a m a tsu  S i p h o to d e te c ­
to r  u s in g  a  s e t o f  o rd e r-so r tin g  filte rs . W e a lso  v e r if ie d  th a t 
th e  IP C E  sp e c tru m  c o n v o lu te d  w ith  th e  so la r  i llu m in a tio n  
p o w e r  in d e e d  g iv e s  th e  sa m e  P C E  as th a t c a lc u la te d  fro m  th e  
I - V  c h a ra c te ris tic s . A ll th e  O P V  cell fa b r ic a t io n  w a s  d o n e  in  
a  n itro g e n -f il le d  g lo v e  b o x , w h e re  th e  o x y g e n  a n d  m o is tu re  
lev e l w a s  k e p t  b e lo w  0.1 p p m .
T h e  tra n s ie n t P M  sp e c tro s c o p y  w a s  u t il iz e d  to  re so lv e  th e  
p r im o rd ia l  c h a rg e  g e n e ra tio n  s te p s  in  th e  b le n d  film . S p e c if i­
ca lly , w e  u se d  th e  fe m to se c o n d s  (fs) tw o -c o lo r  p u m p -p ro b e  
c o rre la t io n  te c h n iq u e  w ith  a  lo w -p o w e r  (e n e rg y /p u ls e  
—0.1 n J) , h ig h  re p e tit io n  ra te  ( —80  M H z ) la s e r  sy s te m  
b a se d  o n  T i:sa p p h ire  (T su n am i, S p e c tra -P h y s ic s )  h a v in g  a  
te m p o ra l p u lse  re s o lu tio n  o f  150  fs. In  th is  te c h n iq u e  th e  
tim e  e v o lu tio n  o f  th e  p h o to e x c ita tio n s  is m o n ito re d  b y  th e  
e x c ite d -s ta te  a b so rp tio n  o f  th e  p h o to g e n e ra te d  sp e c ie s , w h e re  
th e  tim e , t, is  s e t  b y  a  c o m p u te r iz e d  d e la y  lin e  (o r  t ra n s la tio n  
s ta g e ) b e tw e e n  th e  p u m p  a n d  p ro b e  p u lse s  w ith  —0.1 fs tim e  
re so lu tio n . T h e  p u m p  p h o to n  e n erg y , ft cd, w a s  se t a t  1 .55  eV  
fo r  b e lo w -g a p  e x c ita tio n  o r  f re q u e n c y  d o u b le d  to  h w  
=  3.1 eV  fo r  a b o v e -g a p  e x c ita tio n . W e u se d  th e  o u tp u t  b e a m  
o f  a n  o p tic a l p a ra m e tr ic  o sc i lla to r  (O P O ) (O p a l, S p e c tra -  
P h y s ic s )  a s  a  p ro b e  w ith  h w  ra n g in g  fro m  0 .2 4  to  1.1 eV, 
w h ic h  w a s  g e n e ra te d  b y  tu n in g  th e  O P O  b e a m s  o f  th e  “ s ig ­
n a l,” “ id le r ,” a n d  th e ir  d iffe re n c e  f re q u e n c y  o b ta in e d  in  a  
n o n lin e a r  c ry s ta l .37 T h e  p u m p  a n d  p ro b e  b e a m s  w e re  fo c u se d  
o n  th e  film  su rfa c e  in s id e  th e  c ry o s ta t  b y  m e a n s  o f  a  te le ­
s c o p ic  m ic ro sc o p e  to  a  sp o t  —5 0  /jlxx\ in  d ia m e te r ;  a n d  th e  
“b e a m -w a lk ” k n o w n  to  e x is t  in  p u m p /p ro b e  c o rre la t io n  s p e c ­
tro sc o p y  m e a su re m e n ts  w a s  c a re fu lly  m in im iz e d . T h e  t ra n ­
s ie n t P M  s ig n a l w a s  m e a su re d  u s in g  a  p h a se  se n s itiv e  lo c k - in  
te c h n iq u e  a t m o d u la t io n  freq u e n c y , / =  30  k H z  p ro v id e d  b y  
a n  a c o u s to -o p tic  m o d u la to r . In  th e  m id -IR  sp e c tra l ra n g e  o f  
in te re s t  th a t  w e  fo c u s  o n  h e re  w e  o n ly  o b ta in e d  PA , w h ic h  is 
g iv e n  a s  th e  frac tio n a l c h a n g e  in  tra n s m is s io n , T , n a m e ly , 
- M l T i t ) .  B o th  T  a n d  A T  w e re  m e a su re d  b y  so lid -s ta te  p h o ­
to d e te c to rs  su c h  a s  G e , In S b , a n d  M C T  d e p e n d in g  o n  th e  
sp e c tra l r a n g e . N o  p h o to lu m in e s c e n c e  w a s  o b se rv e d  in  th e  
m id -IR  sp ec tra l ra n g e  w ith  th e  R R -P 3 H T /P C B M  b le n d .24
W e u se d  th e  c w  P M  sp e c tro sc o p y  to  s tu d y  th e  lo n g -liv e d  
p h o to e x c ita tio n s  in  th e  b le n d , a g a in  w ith  p u m p  e x c ita tio n , 
fu a  a b o v e  g a p  a n d  b e lo w  g a p  re la tiv e  to  th e  o p tic a l g a p  o f  
th e  b le n d  c o n s titu e n ts . T h e  s te a d y -s ta te  P M  sp e c tru m  w a s 
m e a su re d  u s in g  a  s ta n d a rd  s e tu p ;37 fo r  a b o v e -g a p  e x c ita tio n  
w e  u se d  a n  A r+ la s e r  b e a m  a t ft a>= 2.5  eV  w h e re a s  fo r  
b e lo w -g a p  e x c ita t io n  w e  u se d  a  T i-s a p p h ire  la s e r  b e a m  a t 
f)w =  1 .55  eV  a n d  a  H e -N e  la s e r  a t  t tw =  1 .96  eV . T h e  p u m p  
b e a m  w a s  m o d u la te d  a t  v a r io u s  f re q u e n c ie s , / ,  b y  a  c h o p p er. 
A  b e a m  fro m  a n  in c a n d e s c e n t  tu n g s te n /h a lo g e n  la m p  w a s
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u se d  as th e  p ro b e . T h e  P M  s ig n a l w a s  m e a su re d  u s in g  a 
lo ck -in  a m p lif ie r  r e fe re n c e d  a t / ,  a  m o n o c h ro m a to r , a n d  v a r i ­
o u s  c o m b in a tio n s  o f  g ra tin g s , filte rs , a n d  so lid -s ta te  p h o to d e ­
te c to rs  (S i, G e , a n d  In S b )  th a t sp a n  th e  sp e c tra l r a n g e  0 .3  
<  ti w (p ro b e ) <  2 .7  e V ;38 or, a lte rn a tiv e ly  a v e ra g in g  6 0 0 0  
sc a n s  o f  p u m p  e x c ita tio n  tu rn e d  “ o n ” a n d  “ o f f '  u s in g  a F o u ­
r ie r  t ra n s fo rm  in fra re d  s p e c tro m e te r  fo r  0 .0 5  <  ft w (p ro b e ) 
< 0 . 4  e V .39 W e n o te  th a t  b e c a u se  o f  th e  e x te n d e d  p ro b e  
sp e c tra l ra n g e  in th e  s te a d y -s ta te  P M  sp e c tru m , th e  sp e c tru m  
a lso  c o n ta in s  a  p h o to b le a c h in g  b a n d  w ith  p o s itiv e  A T I T  fo r  
ft w (p ro b e ) >  £ g  ( th e  p o ly m e r  o p tic a l g ap ).
F o r  th e  p u m p  e x c ita tio n  u se d  to  o b ta in  th e  a c tio n  s p e c ­
tru m  o f  th e  lo w e r  e n e rg y  p o la ro n  PA b a n d  w e  u t il iz e d  a 
x e n o n  in c a n d e s c e n t lam p , o f  w h ic h  b e a m  w a s  m o d u la te d  a n d  
d isp e rse d  th ro u g h  a s e c o n d  m o n o c h ro m a to r  th a t  w a s  n o rm a l­
ize d  to  o b ta in  th e  p h o to g e n e ra tio n  r e sp o n se  o f  p o la ro n s /  
in c id e n t p h o to n . T h e  p o la ro n  a c tio n  sp e c tru m  w a s  m e a su re d  
a t a  fix  p ro b e  fia t in th e  sp e c tra l ra n g e  o f  0 . 2 5 < Sco 
< 0 .5  e V  (o b ta in e d  u s in g  a  lo n g -p a s s  f ilte r  on  th e  T u n g sten  
la m p  b e a m 19). In  o rd e r  to  re tr ie v e  th e  m ea n  p o la ro n  life tim e , 
t , th a t is n e c e ssa ry  fo r  n o rm a liz in g  th e  p o la ro n  a c tio n  s p e c ­
tru m  (see  b e lo w ), th e  f re q u e n c y  re sp o n se  o f  b o th  in -p h a se  
a n d  q u a d ra tu re  PA c o m p o n e n ts  w e re  m e a su re d , a n d  fit to  an 
e q u a tio n  o f  th e  fo rm
A T ( f ) I T = G T l [ l  + (i2TTfT)p], (1 )
w h e re  G  is th e  g e n e ra tio n  ra te  (p ro p o rtio n a l to  th e  la s e r  in ­
ten s ity )  a n d  p  ( <  1) is th e  d isp e rs iv e  p a ra m e te r  th a t d e sc rib e s  
th e  re c o m b in a tio n  d isp e rs io n  o f  p o la ro n s  d u e  to  d iso rd e r  in 
th e  sy s te m .40
T h e  E A  sp e c tru m  w a s  o b ta in e d  b y  m e a su r in g  th e  e le c tr ic  
f ie ld - in d u c e d  A T I T  u s in g  a  lo c k -in  a m p lif ie r  se t a t 2 /  d u e  to  
th e  f ie ld  m o d u la tio n  a t / ;  w h e re  th e  film  w a s  d e p o s ite d  on a 
sp e c ia lly  d e s ig n e d  su b s tra te  th a t c o n ta in e d  in te rd ig ita te d  
e le c tro d e s .41 F o r  c o m p a r iso n  w e  m e a su re d  th e  E A  sp e c tra  o f  
b o th  p r is t in e  p o ly m e r  a n d  fu lle re n e  film s first, b e fo re  m e a ­
su rin g  th e  E A  in th e  b le n d . S p e c ia l a tte n tio n  w a s  g iv en  to  th e  
E A  sig n a l a t sp e c tra l ra n g e  b e lo w  th e  o p tic a l g a p  o f  th e  b le n d  
m a te ria l c o n s titu e n ts .
III. RESULTS AND DISCUSSION
A. Transient photoniodulation spectroscopy
F ig u re  1 c o m p a re s  th e  tra n s ie n t P M  sp e c tra  a t tim e  
“ f = 0 ” o f  th re e  ca se s : p r is tin e  R R -P 3 H T  p u m p e d  a b o v e  g a p  
a t 3.1 e V  a n d  th e  1 :1 .2  b le n d  o f  R R -P 3 H T /P C B M  p u m p e d  at 
b o th  a b o v e  g a p  a t 3 .1  eV  a n d  b e lo w  g a p  a t 1 .55 eV. T h e  P M  
sp e c tru m  o f  th e  b le n d  w a s  n o rm a liz e d  b y  a fa c to r  o f  0 .7  fo r 
e a se  o f  c o m p a r is o n . T w o  p ro m in e n t  PA b a n d s  a re  e v id e n t  in 
th e  p r is t in e  p o ly m e r. T h e se  a re : P A , a t 0 .9 3  e V  th a t w a s  
p re v io u s ly  a s s ig n e d  to  o p tic a l tra n s it io n s  re la te d  to  th e  p h o ­
to g e n e ra te d  s in g le t  in tra c h a in  e x c ito n s ,42 a n d  P , a t 0 .3 4  eV  
th a t w a s  a sc r ib e d  b e fo re  a s  d u e  to  th e  lo w e r  e n e rg y  p o la ro n  
o p tic a l tra n s it io n  43 T h e re  is so m e  s tru c tu re  to  P A ,;  n a m e ly , a 
sh o u ld e r  a t ~-T .0 e V . T h e  c a u s e  o f  th is  sp l i tt in g  is c u rre n tly  
u n k n o w n ,44 b u t  w e  re c o g n iz e  th a t  su c h  P A , sp lit w a s  a lre a d y  
o b se rv e d  in p r is t in e  R R -P 3 H T  film  b e fo re .37 T h e  re la tiv e  in ­
te n s ity  ra tio  P , / P A , ,  w h ic h  h a s  b e e n  tra d itio n a lly  u se d 37 to
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FIG. 2. (Color online) Comparison of PM transient spectra of 
RR-P3HT/PCBM blends at /= 0  (black circles) and 100 ps (orange 
squares) pumped at (a) 3.2 eV (above-gap) and (b) 1.6 eV (below- 
gap). The insets show transient PA] (red squares) and P] (blue 
circles) population decays.
e s t im a te  th e  b ra n c h in g  ra tio , rj, o f  p h o to g e n e ra te d  p o la ro n s /  
e x c ito n s , can  b e  c a lc u la te d  b y  in te g ra tin g  th e  a rea  u n d e r  e ac h  
re sp e c tiv e  b a n d . U s in g  th is  m e th o d , a n d  a s su m in g  th a t th e  
m a jo r ity  o f  P , is re p re se n te d  in F ig . 1, w e  o b ta in  r/= 3 5 %  in 
th e  p r is tin e  p o ly m e r, in g o o d  a g re e m e n t w ith  th e  l ite ra tu re  
v a lu e .37 F o r  th e  b le n d  e x c ite d  w ith  a b o v e -g a p  p u m p  w e  
fo u n d  th a t r) is h ig h e r, s in c e  P , / P A ,  is la rg e r  (F ig . 1). T h is  
sh o w s  th a t th e  in itia l p o la ro n  p h o to g e n e ra tio n  d e n s ity  is 
la rg e r  in th e  b le n d , p ro b a b ly  b e c a u se  o f  la rg e r  d iso rd e r  a n d  
im p u rity  d e n s ity  in th e  p o ly m e r  p h a se  d o m a in s  th a t in te rfe re  
w ith  th e  la m e lla e  fo rm a tio n  45 W e n o te  th a t  P A , fo r  e x c ito n s  
is a b se n t  in th e  b le n d  w h e n  e x c it in g  w ith  b e lo w -g a p  p u m p ; 
s in c e  th e  lo w e s t e x c ito n  lev e l in th e  p o ly m e r, n a m e ly , th e  
1 B U a t 1 .95 e V  is a b o v e  th e  p u m p  p h o to n  e n e rg y  (see  a lso  
R e f. 19).
T h e  P M  sp e c tra  o f  th e  b le n d  w h e n  e x c ite d  b o th  a b o v e - 
a n d  b e lo w -g a p  p u m p  e x c ita t io n s  a t t= 0  p s  a n d  f = 1 0 0  ps, 
re sp e c tiv e ly , a n d  th e  tra n s ie n t  PA d e ca y s  a re  p re se n te d  in 
F ig . 2 . W h en  e x c ite d  a b o v e  th e  g a p , th e  t im e  tra c e s  o f  P , 
[ in se t o f  F ig . 2 (a )]  re v ea l th a t  it is c re a te d  w ith in  150 fs 
a lo n g  w ith  th e  p r im a ry  s in g le t  e x c ito n s , b u t  its d y n a m ic s  a re  
m u c h  s lo w e r  th an  th o se  o f  th e  e x c ito n  P A , b a n d . A d d it io n ­
ally , w e  e m p h a s iz e  th a t th e  p o p u la t io n s  o f  th e s e  tw o  sp e c ie s  
a p p e a r  to  b e  u n re la te d ; th a t is, P , d o e s  n o t  g ro w  a t th e  e x ­
p e n se  o f  P A , decay . T h is  is su rp r is in g , s in c e  th e  p h o to g e n e r­
a te d  e x c ito n  in th e  p o ly m e r  p h a se  sh o u ld  d is so c ia te  u p o n  
a r r iv in g  b y  d iffu s io n  to  th e  p o ly m e r /fu lle re n e  in te rfa c e s . A p -
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p a ren tly , e v en  th o u g h  th e  e x c ito n s  a rr iv e  to  th e  p o ly m e r /  
fu lle re n e  in te rfa c e  in  a b o u t r = 1 0  p s, e x tra  p o la ro n  g e n e ra ­
tio n  in th e  p o ly m e r  d o e s  n o t  o c c u r  in th e  tim e  d o m a in  o f  o u r  
e x p e r im e n t  ( —5 0 0  p s ) . W e  th u s  c o n c lu d e  th a t a n o th e r  
m e c h a n ism  n e e d s  b e  fo u n d  to  e x p la in  th e  d e la y e d  c h a rg e -  
d is so c ia tio n  m e c h a n ism  in P 3 H T /P C .B M  b le n d  th a t w e  h a v e  
re v e a le d  h e re .
W e n o te  th a t th e  10 p s  d e ca y  d y n a m ic s  o f  th e  p h o to g e n e r ­
a te d  e x c ito n s  th a t w e o b ta in  in th e  b le n d  is c o n s is te n t w ith  
th e  d e la y e d  c h a rg e -g e n e ra tio n  in fe rre d  fro m  p ic o s e c o n d  
sp e c tro sc o p y  in  th e  v is ib le /n e a r- IR  sp e c tra l ra n g e ,36 a n d  a lso  
w ith  th e  p h o to lu m in e s c e n c e  q u a n tu m  e ffic ie n c y , jx, th a t w e 
m e a su re d  in th e  b le n d  film s u s in g  an  in te g ra te d  sp h e re .46 W e 
m e a su re d  / i <  1%  in th e  b le n d  w h e re a s  / i ~ S %  fo r  th e  p r is ­
tin e  p o ly m e r. S in c e  th e  ra d ia tiv e  t im e , r rac(, o f  e x c ito n s  in 
i r -c o n ju g a te d  p o ly m e rs  w as  e s tim a te d  to  b e  ~ 1  n s ,47 o n e  
c an  re a d ily  c a lc u la te  jx  u s in g  th e  re la tio n
li — r/rrac(. (2)
U s in g  E q . (2) w ith  r = 1 0  p s a n d  r rad= l  n s  w e g e t f i = l %  in 
e x c e lle n t a g re e m e n t w ith  th e  a c tu a l cw  o b ta in e d  f i .
A s e x p e c te d , n o  e x c ito n s  a re  p h o to g e n e ra te d  o n  th e  p o ly ­
m e r  c h a in s  w ith  b e lo w -g a p  e x c ita tio n  a t fta> = 1 .5 5  e V  (F ig s.
1 a n d  2 ). H o w e v e r , a  b a n d  sim ila r , b u t  n o t  e x a c tly  th e  sam e  
as P l5 w h ic h  w e ca ll P A ' is o b ta in e d  w ith  b e lo w -g a p  e x c ita ­
tio n . I ts  d is s im ila r ity  is m a rk e d  b y  its p e a k  a t 0 .4 5  eV, th a t is 
su b s ta n tia lly  b lu e s h if te d  a n d  b ro a d e r  th an  P j fo rm e d  w ith  
a b o v e -g a p  e x c ita tio n . H o w ev e r, sp e c tra l d e c a y  in d ic a te s  th a t 
u n til r = 1 0 0  p s  P A ' re d sh if ts  b y  — 150  m e V  to  a n e w  b a n d , 
th a t is v e ry  s im ila r  to  th a t o f  P ] c re a te d  w ith  a b o v e -g a p  e x ­
c ita tio n  (F ig . 1). T h is  t ra n s ie n t re d sh if t  m a y  in d ic a te  th a t the  
b a n d  P A ' p r e c e d e s  th e  c re a tio n  o f  p o la ro n s  o n  th e  p o ly m e r  
c h a in s  ( P ^ .
T h e  b e lo w -g a p  d y n a m ic s  o f  P A ' a t 0 .4 5  e V  a n d  a t 
fta> (probe) =  1.0 e V  (w h e re  P A ! sh o u ld  h a v e  o c c u rre d  w ith  
a b o v e -g a p  p u m p ) a re  sh o w n  in F ig . 2 (b ) in se t. T h e  firs t 10 ps 
a t fta> = 1 .0  e V  sh o w  a fa s t in itia l d ecay , a f te r  w h ic h  th e  d y ­
n a m ic s  m a tc h  th o se  o f  P A '.  T h e  d e ca y  d y n a m ic s  a g ree  w ith  
th e  P A ' re d sh if t  k in e tic s , a n d  a re  th u s  re la te d  to  th e  c h a n g e  
in th e  p h o to g e n e ra te d  sp e c ie s  c h a ra c te r. W e  c o n c lu d e  th a t it 
is p o ss ib le  to  g e n e ra te  lo c a liz e d  p o la ro n s  in th e  p o ly m e r  
c h a in s  u s in g  b e lo w -g a p  e x c ita tio n  o f  th e  b le n d . H o w e v e r  th is  
p ro c e ss  p ro c e e d s  in tw o  s te p s . F irs t  th e re  is an  u l tra fa s t  fo r ­
m a tio n  o f  tra n s ie n t sp e c ie s  th a t a re  d if fe re n t th an  th e  p o la ro n  
e x c ita tio n s ; th e se  sp e c ie s  su b se q u e n tly  d is so c ia te s  in to  lo c a l­
ized  p o la ro n s  in th e  p o ly m e r  c h a in s  a n d  fu lle re n e  m o le c u le s . 
T h is  c h a rg e  p h o to g e n e ra tio n  p ro c e ss  is v ia b le  in th e  b le n d  
a n d  a d d s  to  th e  trad itio n a l d is so c ia tio n  p ro c e ss  o f  p h o to g e ­
n e ra te d  e x c ito n s  a t th e  p o ly m e r /fu lle re n e  in te r fa c e .35
W e sp e c u la te  th a t th e  p h o to g e n e ra te d  tra n s ie n t sp e c ie s  in 
th e  b le n d  m a y  b e  re la te d  to  th e  C .TC th a t is r e so n a n tly  p h o ­
to g e n e ra te d  w ith  b e lo w -g a p  e x c ita tio n . T h is  ty p e  o f  e x c ita ­
tio n  w a s  re c e n tly  id en tif ie d  to  b e  a  C T  e x c ito n  a t th e  
p o ly m e r /fu lle re n e  in te r fa c e .28 W e n o te  th a t b o u n d  in te rfac ia l 
s ta te s , s im ila r  to  th e  tra n s ie n t C T  e x c ito n s  o b ta in e d  h e re  h a v e  
b e e n  p re v io u s ly  id en tif ie d  in se v e ra l p o ly m e n p o ly m e r  
sy s te m s .48-49 T h e  C T  e x c ito n  is c o m p o s e d  o f  tw o  c o m p o ­
n e n ts ; n a m e ly , io n ic  a n d  c o v a le n t.  T h e  io n ic  c o m p o n e n t is an  
e le c tro s ta tic  b o u n d  p o la ro n  p a ir  w ith  p o s it iv e  p o la ro n  on  the
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FIG. 3. (Color online) CW PA spectra of RR-P3HT/PCBM film 
using above gap (AG-black solid line) and below-gap (BG-red 
squares) pump excitation. The AG (BG) pump excitation fiw  is 2.5 
(1.55) eV. Both spectra show the known PA band signature of po­
larons; namely. Pj. P2 bands and IRAV. as denoted.
p o ly m e r  c h a in  a n d  n e g a tiv e  p o la ro n  o n  th e  fu lle ren e ; 
w h e re a s  th e  c o v a le n t  c o m p o n e n t in v o lv e s  h y b r id iz a tio n  v ia  a 
tra n s fe r  in te g ra l, r± .24 It h a s  b e e n  p re d ic te d  th a t th e  p h o to g e ­
n e ra te d  C T  e x c ito n  in p o ly m e r /fu lle re n e  b le n d s  h a s  tw o  
p ro m in e n t  PA  b a n d s ; o n e  PA  b a n d  in  th e  m id - IR  sp ec tra l 
ra n g e  a n d  th e  o th e r  PA  b a n d  in th e  n e a r- IR  ra n g e .28 W e th u s  
id e n tify  th e  tra n s ie n t P A ' b a n d  o b ta in e d  w ith  b e lo w -g a p  e x ­
c ita tio n  a s  d u e  to  th e  p h o to g e n e ra te d  C T  e x c ito n s  c lo se  to  th e  
p o ly m e r /fu lle re n e  in te rfac e , th a t fu r th e r  d is so c ia te  in to  
c h a rg e  p o la ro n s  o n  th e  p o ly m e r  c h a in s  a n d  fu lle re n e  m o l­
e c u le s  w ith in  — 10 p s. B u t th e se  p o la ro n s  a re  still e le c tro ­
s ta tic a lly  b o u n d .
B. Steady-state PM spectroscopy
A  c o m p e llin g  s ig n a tu re  o f  p h o to g e n e ra te d  c h a rg e s  in 
i r -c o n ju g a te d  p o ly m e rs  is th e  a p p e a ra n c e  o f  in -g ap  p o la ro n  
PA  b a n d s , as se e n  in th e  P M  sp e c tru m  o f  th e  b le n d  sh o w n  in 
F ig . 3 . W e c le a r ly  id en tify  th e  w e ll-k n o w n  p o la ro n  PA  b a n d s  
P , a n d  P 2. In  a d d itio n  to  th e  in -g ap  tra n s it io n s , th e  p o la ro n  
e x c ita tio n  a lso  re n o rm a liz e s  th e  f re q u e n c ie s  o f  th e  R a m a n - 
a c tiv e  a m p litu d e  m o d e s  in th e  p o ly m e r  c h a in , w h e re  th e  
sm a ll p o la ro n  m a ss  c a u se s  th e  IR  a c tiv e  v ib ra tio n s  (IR A V ) to  
p o s s e s s  v e ry  la rg e  o sc i l la to r  s tre n g th s .50 S u c h  IR A V  in d ee d  
a c c o m p a n y  th e  p o la ro n  PA  b a n d s  in th e  b le n d  as se e n  in F ig . 
3 . S u rp ris in g ly , th e  b e lo w -g a p  p u m p  e x c ita tio n  o f  th e  b le n d  
a lso  p ro d u c e s  th e  sa m e  p o la ro n  PA  fe a tu re s  a s  th o se  p ro ­
d u c e d  w ith  a b o v e -g a p  p u m p  e x c ita tio n ; th is  c o n firm s  th a t 
p o la ro n  p h o to g e n e ra tio n  is a lso  p o ss ib le  w ith  b e lo w -g a p  
p u m p , in a g re e m e n t w ith  th e  tra n s ie n t P M  d a ta  d isc u sse d  in 
S ec . I l l  A  a b o v e . W e e m p h a s iz e  th a t th e  m e c h a n ism  by  
w h ic h  th e  p o la ro n  sp e c ie s  a re  p h o to g e n e ra te d  w ith  b e lo w -  
g a p  e x c ita tio n  c a n n o t b e  e x p la in e d  b y  th e  k n o w n  s in g le -s te p  
p h o to in d u c e d  c h a rg e  tra n s fe r  r e a c tio n ;9-10 s in c e  s in g le t  e x c i­
to n s  th a t su p p o se d ly  p re c e d e  c h a rg e  d is so c ia tio n  are  n o t  p h o ­
to g e n e ra te d  in th e  p o ly m e r  o r  fu lle re n e  d o m a in s , a s  re v e a le d  
in th e  p ic o s e c o n d  tra n s ie n t P M  sp e c tru m  (F ig . 2 ). W e in v o k e  
th a t th e  a lte rn a tiv e  m e c h a n ism  o f  p o la ro n  p h o to g e n e ra tio n  
w ith  b e lo w -g a p  p u m p  e x c ita tio n  is re la te d  w ith  th e  C.TC. th a t 
is fo rm e d  a t th e  p o ly m e r /fu lle re n e  in te r fa c e .35
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FIG. 4. (Color online) Modulation frequency dependence of the 
Pi PA polaron band in RR-P3HT/PCBM blend measured at 
f iw iprobe)=0.4 eV and 7= 30  K; both in-phase (full black 
squares) and quadrature (empty red squares) PA are shown. The 
lines through the data points are tit using Eq. (1), where the best-tit 
lifetime, r  and dispersive parameter exponent, p  are indicated. The 
various panels represent different pump excitation fim: top panel is 
for above-gap excitation pumped at f iw = 2 5  eV; middle panel is 
for below-gap excitation pump at fa>= 1.96 eV; bottom panel is for 
below-gap excitation at /iai= 1.55 eV.
T o fu r th e r  in v e s tig a te  th e  p ro c e s s  b y  w h ic h  p o la ro n s  a re  
p h o to g e n e ra te d  w ith  b e lo w -g a p  e x c ita tio n  w e  s tu d ie d  th e  p o ­
la ro n s  re c o m b in a tio n  d y n a m ic s  g e n e ra te d  w ith  b e lo w -g a p  
a n d  a b o v e -g a p  p u m p  e x c ita tio n s . T h e  re c o m b in a tio n  d y n a m ­
ics  w a s  o b ta in e d  f ro m  th e  m o d u la tio n -f re q u e n c y  re sp o n se  o f  
th e  P! PA b a n d  o f  th e  p o la ro n s  u s in g  th e  b im o le c u la r  d isp e r­
s iv e  re c o m b in a tio n  m o d e l.51 F ig u re  4  sh o w s  th e  PA re sp o n se  
a t te m p e ra tu re  7 = 3 0  K , a n d  th e  fit u s in g  E q . (1) f ro m  w h ic h  
th e  life tim e , r ,  w a s  o b ta in e d . W e  re a liz e  th a t r  d ra m a tic a lly  
in c re a se s  w ith  b e lo w -g a p  e x c ita tio n . T h e  in c re a se  in  r  is b y  
a b o u t th re e  o rd e rs  o f  m a g n itu d e , f ro m  t = 1 5 0  fj,s w ith  
a b o v e -g a p  p u m p  e x c ita tio n  a t h io =  2 .5  e V  to  r=  6 0  m s  w ith  
b e lo w -g a p  e x c ita tio n  a t ft w =  1 .55 e V . T h is  sh o w s  th a t 
b e lo w -g a p  p h o to g e n e ra te d  p o la ro n s  h a v e  m u c h  s lo w e r  re ­
c o m b in a tio n  k in e tic s .  F o r  th e  d if fu s io n - lim ite d  b im o le c u la r  
k in e tic s  k n o w n  to  e x is t  in p o ly m e rs ,52 th is  in d ic a te s  e ith e r  
in c re a se d  lo c a liz a tio n  fo r  th e  b e lo w -g a p  p h o to g e n e ra te d  p o ­
la ro n s  o r  c h a rg e  se p a ra tio n  in to  tw o  d if fe re n t p h a se s , n a m e ly , 
th e  p o ly m e r  a n d  fu l le re n e  d o m a in s .
W e  a lso  u se d  th e  p o la ro n  a c tio n  sp e c tru m  fo r  u n d e rs ta n d ­
in g  th e  b e lo w -g a p  p o la ro n  p h o to g e n e ra t io n  p ro c e ss , w h e re  
w e  p ro b e  th e  s tre n g th  o f  th e  p o la ro n  P j b a n d  b e tw e e n  0 .2 5 ­
0 .4  e V  a s a  fu n c tio n  o f  th e  e x c ita t io n  ftw , n o rm a liz in g  b y  th e  
im p in g in g  e x c ita tio n  p h o to n  flux , / t . F ig u re  5 (a ) sh o w s  th e  
p o la ro n  a c tio n  sp e c tra  fo r  p r is t in e  P 3 H T  a n d  P 3 H T /P C B M  
b le n d . T h e  p o la ro n  p h o to g e n e ra tio n  a c tio n  sp e c tru m  o f  p r is ­
t in e  P 3 H T  h a s  a  c le a r  o n se t a t th e  p o ly m e r  b a n d  e d g e  
( — 1 .85 e V ); a n d  la c k s  th e  b e lo w -g a p  p o la ro n  g e n e ra tio n  
c o m p o n e n t. In  c o n tra s t ,  th e  p o la ro n  p h o to g e n e ra tio n  a c tio n  
sp e c tru m  in th e  b le n d  e x te n d s  to  ftw (p u m p ) w e ll in to  th e  
p o ly m e r  o p tic a l g a p  w ith  an  e x tra p o la te d  o n se t a t ftw
— 1.2 eV , i.e ., m u c h  sm a lle r  th an  th e  p o ly m e r  a n d  fu lle re n e
Excitation energy (eV)
FIG. 5. (Color online) Pump excitation dependence of polarons 
in RR-P3HT/PCBM blend measured at 7= 30  K. (a) Polaron band 
Pi action spectra for RR-P3HT (squares) and RR-P3HT/PCBM 
blend (solid line) measured at /iai(probe) between 0.25-0.4 eV, nor­
malized to the impinging excitation photon flux, (b) The polaron 
QE, r] for RR-P3HT/PCBM blend obtained from the polaron action 
spectrum (a) and lifetime (Fig. 4) using Eq. (2), for three different 
pump excitation fm :  namely, 2.5, 1.96, and 1.55 eV.
a b so rp tio n  e d g e s . In  a d d itio n  th e  p o la ro n  a c tio n  sp e c tru m  
a lso  sh o w s  a  p ro m in e n t  p e a k  a t — 1.9 e V  h a v in g  an  a p p a r­
e n tly  sm a lle r  p o la ro n  g e n e ra tio n  e ffic ie n c y  fo r  h io > E „  (the  
p o ly m e r  o p tica l g a p ) . T h is  is an  i l lu s io n , h o w e v e r , s in c e  th e  
p o la ro n  l ife tim e  is lo n g e r  w ith  b e lo w -g a p  e x c ita tio n . T h is  
d ra m a tic a lly  in f lu e n c e s  th e  p o la ro n  a c tio n  sp e c tru m , s in c e  
th e  m e a su re m e n ts  a re  d o n e  a t s te a d y -s ta te  c o n d itio n s , w h e re  
th e  p o la ro n  d e n s ity  is a lso  in f lu e n c e d  b y  th e ir  re c o m b in a tio n  
life tim e . T h is  is  v e rif ied  w h e n  w e  c o m p a re  th e  p o la ro n  ac tio n  
s p e c tru m  to  th e  IP C E  sp e c tru m  sh o w e d  in F ig . 6 . A s w e  can  
see  th e re  is lit t le  c o lle c t io n  e ffic ie n c y  fo r  f tw ( p u m p ) < th e
Photon energy
FIG. 6. (Color online) The IPCE spectrum of an OPV device 
based on the RR-P3HT/PCBM blend. The device I -V  characteristic 
under solarlike illumination of AM 1.5 is shown in the inset. The 
estimated device PCE is 4.2% and is in very good agreement with 
the PCE calculated from the IPCE convoluted with the solar illu­
mination spectrum at AM 1.5.
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c o n s t itu e n ts ’ g a p . T h is  ta il, h o w e v e r , m a y  a lso  b e  in f lu e n c e d  
b y  th e  sm all th ic k n e ss  ( ~ I 0 0  n m ) o f  th e  a c tiv e  la y e r  in th e  
d e v ic e .
T o  c o rre c t  fo r  th is  u n u su a l “ l ife tim e  e f fe c t” in th e  p o la ro n  
a c tio n  sp e c tru m , w e  c a lc u la te d  th e  p o la ro n  p h o to g e n e ra tio n  
q u a n tu m  e ffic ie n c y  (Q E ), tj u s in g  th e  fo llo w in g  re la tio n  th a t 
is a p p ro p ria te  fo r  an  o p tic a lly  th ic k  f i lm :19,46
- A T / T ( h w  = P l ) = Tcrr/IL , (3 )
w h e re  a  is th e  p o la ro n  o p tic a l c ro s s  se c tio n  a t h io = P l a n d  IL 
is th e  n o rm a liz e d  e x c ita tio n  in ten sity . In  E q . (3 ) w e  c h o o se  
c r= 2  X ICT17 c m 2,39 a n d  to o k  r  fro m  th e  l ife tim e  m e a su re ­
m e n ts  d e sc r ib e d  a b o v e . T h e  o b ta in e d  Q E  o f  p o la ro n  p h o to ­
g e n e ra tio n  u s in g  E q . (3) is sh o w n  in F ig . 5 (b ) fo r  th re e  d if ­
fe re n t p u m p  e x c ita tio n s ; th e  l ife tim e  n o rm a liz a tio n  m ak e s  
th e  p o la ro n  e x c ita tio n  sp e c tru m  to  lo o k  m o re  s im ila r  to  th e  
IP C E  sp e c tru m  (F ig . 6 ). W e see  th a t th e  a p p a re n t p e a k  a t 1.9 
eV  is e lim in a te d  n o w  fro m  th e  s te a d y -s ta te  a c tio n  sp e c tru m . 
In  a d d itio n  it is a ls o  c le a r  th a t w h e n  c o rre c tin g  fo r  th e  p o ­
la ro n  life tim e , th en  th e  p o la ro n  Q E  is lo w e r  fo r  b e lo w -g a p  
e x c ita tio n  c o m p a re d  w ith  th a t fo r  e x c ita tio n  a b o v e  th e  g ap . 
T h is  is p ro b a b ly  c a u s e d  b y  su b s ta n tia l g e m in a te  re c o m b in a ­
tio n  fo r  b e lo w -g a p  e x c ita t io n .8 N e v e r th e le s s  th e  Q E  o f  
b e lo w -g a p -g e n e ra te d  p o la ro n s  is d e f in ite ly  n o t n e g lig ib ly  
sm a ll.
T h e  p o la ro n  Q E  v a lu e  th a t w e  o b ta in e d  h e re  fo r  h t o > E g 
is so m e w h a t sm a lle r  th an  th a t e x tra c te d  fro m  th e  IP C E  (F ig . 
6). T h is  m ay  b e  d u e  to  th e  u n c e r ta in ty  in s e ttin g  th e  v a lu e  o f  
th e  p a ra m e te r  a  in P 3 H T  [E q . (3 )]. In  fa c t a  d e p e n d s  on  th e  
p ro b e  h w  a n d  fo llo w s  th e  P ! sp e c tru m . P ^  in tu rn , p e a k s  a t 
h i o ~  80  m eV  (se e  F ig . 3 ), w h ic h  is o u ts id e  th e  e x p e rim e n ta l 
p ro b e  sp e c tra l ra n g e  (0 .2 5 -0 .5  e V ) th a t w e  u s e d  h e re  fo r  P! 
in th e  a c tio n  sp e c tru m  m e a su re m e n t. T h e  c a lc u la te d  tj v a lu e  
u s in g  E q . (3 ) fo r  a  h ig h e r  u  v a lu e s  th an  fo r  f tw (p ro b e ) w e  
u s e d  h e re  w o u ld  b e  s ig n if ic a n tly  h ig h e r  th an  th e  o b ta in e d  tj 
v a lu e  in F ig . 5.
C. Electroabsorption spectroscopy
T h e  m e c h a n ism  b y  w h ic h  b e lo w -g a p  p o la ro n  p h o to g e ­
n e ra tio n  o c c u rs  w ith o u t in v o lv in g  e x c ito n  fo rm a tio n  m ay  b e  
b e tte r  u n d e rs to o d  b y  in v o lv in g  a  C T C  s ta te  a t th e  in te rfa c e  
b e tw e e n  th e  p o ly m e r  a n d  fu lle re n e  d o m a in s , th a t lie s  b e lo w  
th e  o p tic a l g a p  o f  th e  b le n d  m a te ria l c o n s titu e n ts . O n e  v iab le  
w a y  to  m e a su re  su c h  a  C T C  s ta te  is u s in g  th e  E A  sp e c tro s ­
c o p y ; s in c e  su c h  a  s ta te  m ay  h a v e  a  la rg e  d ip o le  m o m e n t th a t 
e n h a n c e s  th e  E A  s ig n a l.27-28 In  E A  m e a su re m e n ts , a  c h a n g e  
in tra n sm iss io n  th ro u g h  th e  sa m p le  d u e  to  a  m o d u la te d  a p ­
p lie d  e le c tr ic  fie ld  is o b ta in e d . T h e  E A  fo r  p o ly m e rs  is m e a ­
su re d  a t 2 / ,  w h e re  /  is th e  f ie ld  m o d u la tio n  freq u e n c y , b e ­
c a u s e  o f  th e  p o ly m e r  c h a in  sy m m etry .41 W e n o te  th a t th e  E A  
sp e c tro sc o p y  h a s  b e e n  e x te n s iv e ly  u s e d  in th e  l ite ra tu re  to  
re v ea l sm all o p tic a l tra n s itio n s  in p o ly m e rs  th a t a re  c o u p le d  
b y  a  s tro n g  d ip o le  transition ;-’’3 a n d  th is  s i tu a tio n  e x is ts  in o u r  
c a se  s in c e  th e  C T C  a b so rp tio n  b a n d  m a y  b e  o v e rw h e lm e d  b y  
th e  a b so rp tio n  tail in th e  b le n d .13
T h e  E A  sp e c tru m  o f  th e  p r is t in e  R R -P 3 H T  [F ig . 7 (a )]  is 
d o m in a te d  b y  th e  s tro n g ly  c o u p le d  e x c ito n  tra n s itio n s  1 B U 
a n d  m A g a t 2 .0  eV  a n d  2 .7  eV, re sp e c tiv e ly .39 W h e re a s  th e
1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 
Photon energy (eV)
FIG. 7. (Color online) (a) The EA spectra of pristine RR-P3HT 
(blue line) and PCBM (black squares). 1BU and mA„ denote 
strongly coupled exciton states in the polymer; whereas CTS de­
notes the charge transfer state in the fullerene. (b) The EA spectrum 
of RR-P3HT/PCBM blend, where the below-gap spectrum is also 
shown multiplied by a factor of 10. The CTC in the blend is 
denoted.
E A  sp e c tru m  o f  P C B M  re v e a ls  th e  c h a rg e  tra n s fe r  s ta te  (d e ­
n o te d  C T S ) tra n s itio n  a t  2 .4  eV  (R ef. 19) in th is  m a te ria l.  W e 
n o te  th a t th e re  a re  n o  o p tic a l E A  fe a tu re s  b e lo w  th e  p o ly m e r  
a n d  fu lle re n e  o p tic a l g a p s  fo r  th e  p r is t in e  p o ly m e r  a n d  
fu lle re n e  film s. In  c o n tra s t ,  an  E A  b a n d  w ith  an  o n se t a t 1.2 
e V  is o b ta in e d  in th e  b le n d  [F ig . 7 (b )] . A b r o a d  d e r iv a tiv e lik e  
fe a tu re  can  b e  se e n , fo llo w e d  b y  a  b ro a d b a n d  th a t sp a n s  
f tw (p ro b e ) ra n g e  fro m  1.2 to  1.8 e V  w ith  sev e ra l c le a r  p e ak s . 
W e a ss ig n  th is  n e w  E A  fe a tu re  to  th e  C T C  s ta te  in th e  g ap  
a n d  sp e c u la te  th a t th e  v a r io u s  se c o n d a ry  p e a k s  a re  d u e  to  
e x c ite d  s ta te s  in th e  C T C  m a n ifo ld . A  p o s s ib le  tran s itio n  
fro m  th e  lo w e s t C T C  s ta te  to  th e  h ig h e s t  e x c ite d  s ta te  in th is  
m a n ifo ld , in fa c t, m a y  e x p la in 28 th e  tra n s it io n  P A ' th a t w a s  
o b ta in e d  a t ~ 0 .4 5  e V  in th e  p ic o s e c o n d  tim e  d o m a in  w ith  
b e lo w -g a p  p u m p , d is c u s se d  a b o v e  in  S ec . I l l  A  [se e  F ig . 
2 (b )] . W e n o te  th a t a lth o u g h  th e  C T C  s ta te s  a re  m a in ly  
fo rm e d  a t th e  p o ly m e r /fu lle re n e  in te rfa c e s  w ith  re la tiv e ly  
sm a ll c ro ss  se c tio n , it is still p o s s ib le  to  o b se rv e  its a s s o c i­
a te d  o p tic a l t ra n s itio n s  u s in g  E A  sp e c tro sc o p y  d u e  to  its 
s tro n g  c o u p le d  d ip o le  m o m e n t;28 th is  can  b e  b a re ly  a c h ie v e d  
u s in g  lin e a r  a b so rp tio n  m e a s u re m e n ts .13 T h e  E A  o n se t a t 1.2 
eV , w h ic h  w e  in te rp re t h e re  a s  th e  o n se t o f  th e  C T C  m a n i­
fo ld , is th e  lo w e s t h io  o b ta in e d  fo r  th e  C T C  so  fa r  in an y  
b le n d .14-24 T h is  m a y  b e  an  im p o rta n t c o n tr ib u tin g  fa c to r  fo r  
th e  h ig h  P C E  o f  ~ 4 .2 %  o b ta in e d  fo r th e  O P V  d e v ic e  (F ig . 6) 
b a s e d  o n  th e  R R -P 3 H T /P C B M  b len d .
IV. SUMMARY
In  su m m ary , w e  in v e s tig a te d  th e  n a tu re  o f  th e  b e lo w -g a p  
C T C  s ta te s  in R R -P 3 H T /P C B M  b le n d  u s e d  fo r  p h o to v o lta ic  
a p p lic a tio n s . T h e  p h o to g e n e ra tio n  o f  c h a rg e d  p o la ro n s  u s in g
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b e lo w -g a p  p u m p  e x c ita tio n  a n d  th e ir  d is t in g u ish a b le  d if fe r ­
e n t re c o m b in a tio n  m e c h a n ism  c o m p a re d  to  th a t  o f  a b o v e -g a p  
p u m p  p o la ro n s  in d ic a te  th a t a  c h a rg e  p h o to g e n e ra tio n  
m e c h a n ism  o p e ra te s  in  th e  b le n d ; th is  sh o u ld  b e  se r io u s ly  
c o n s id e re d  in  a n a ly z in g  p h o to v o lta ic  p ro p e r t ie s  o f  so la r-ce ll 
d e v ic e s . T h e  E A  sp e c tru m  o f  th e  b le n d  p la c e s  th e  lo w e s t  
ly in g  C T C  s ta te  in R R -P 3 H T /P C B M  b le n d  a t  - 1 . 2  eV , 
w h ic h  is m u ch  d e e p e r  th an  th e  C T C  s ta te  m e a su re d  th u s  fa r  
in an y  o th e r  p o ly m e r /fu lle re n e  b le n d s .13-14 W e a lso  m e a su re d  
se v e ra l e x c ite d  s ta te s  in  th e  C T C  m a n ifo ld  th a t m ay  sh o w  u p  
in u l tra fa s t  P M  m e a su re m e n ts  in th e  b le n d .
T h e  p r im a ry  p h o to e x c ita tio n s  in th e  b le n d  w ith  a b o v e -g a p  
p u m p  a re  s in g le t  e x c ito n s  a n d  p o la ro n s  in th e  p o ly m e r  p h a se  
th a t a re  g e n e ra te d  w ith in  o u r  t im e  re so lu tio n  o f  150 fs. T h e  
e x c ito n s  q u ic k ly  d e ca y  w ith in  10 p s, b u t  a d d itio n a l p o la ro n s  
c o r re la te d  w ith  th is  d e ca y  a re  n o t  fo r m e d  in  o u r  t im e  in te r ­
va l. W h e n  e x c it in g  th e  C T C  s ta te s  re so n a n tly  u s in g  b e lo w -  
g a p  p u m p  e x c ita tio n , w e  o b ta in e d  e x c ita t io n  sp e c ie s  th a t w e  
in te rp re t a s  C T  e x c ito n s . T h e se  sp e c ie s  d e c a y  w ith in  10 p s
in to  tra p p e d  p o la ro n s , a n d  th is  p ro c e ss  m a y  e x p la in  th e  
s te a d y -s ta te  p o la ro n  p h o to g e n e ra tio n  w ith  b e lo w -g a p  p u m p  
e x c ita tio n . W h e n  c o m p a r in g  th e  p o la ro n  a c tio n  sp e c tru m  
w ith  th e  IPC .E  sp e c tru m  m e a su re d  on  an  O P V  so la r-ce ll d e ­
v ice  b a s e d  on  th e  R R -P 3 H T /P C .B M  b le n d , w e  c o n c lu d e  th a t 
th e  p o la ro n s  p h o to g e n e ra te d  w ith  b e lo w -g a p  p u m p  can  c o n ­
tr ib u te  to  th e  d e v ic e  p h o to c u rre n t  o n ly  w h e n  th e  a c tiv e  la y e r  
o f  th e  d e v ic e  w o u ld  b e  m u c h  th ic k e r  th a n  th e  ty p ic a l 100 n m  
u su a lly  u se d .
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